Objective: Inflammatory cells invade the fibrotic myocardium of spontaneously hypertensive rats at the same sites as where libroblasts are produced. The role of these inflammatory cells in myocardial fibrogenesis was studied in the present work. Methods The production and distribution of proteins that may be implicated in inflammation was examined by immunohistochemistry of sections of left ventricles from 1 -month and 4-month renovascular hypertensive and age-matched control rats using antibodies against ICAM-1, LFA-1, TGFP 1, PDGF-A, T and H kininogens, IgG, IgM, C3, and C%-9. Infiltrating inflammatory cells were phenotyped by immunohistochemistry. The TGFP 1 and PDGF-A mRNA levels were checked by RT-PCR. Results: Infiltrating cells were mainly T helper lymphocytes and macrophages, and there were more inflammatory cells in hypertensive rats than in control rats, localized especially around coronary arteries and in microscars. There were more ICAM-and LFA-1 in the ventricles of hypertensive than in control rats at 1 month, but the ICAM-expressions in hypertensive and control rats were similar at 4 months. TGFfi 1 and PDGF-A mRNA steady states increased in Cmonth hypertensive rats, but there was no labeling for TGFP or PDGF by immunohistochemistry. There was only faint labeling for T and H kininogens, and it was not increased in hypertensive rats. There were deposits of IgM and CSb-9 only in hypertensive rats. Conclusion: Thus, inflammatory cells infiltrate the cardiac tissue of renovascular hypertensive rats as in the case of spontaneously hypertensive rats and these cells may use the ICAM-l/LFA-1 system to infiltrate, but neither TGF/3 1 and PDGF-A, nor the kininogen system seem to be associated with cardiac fibrogenesis. Otherwise, the complement system could act as arteriosclerotic and/or leukocyte mobilizing factors.
Introduction
We have shown that inflammatory cells are co-localized with fibroblasts producing type I collagen in the hypertrophied myocardium of hypertensive rats, and demonstrated that the numbers of macrophages and T helper lymphocytes are positively correlated with the collagen density [l] . The present paper examines the signaling of this inflammation process in renovascular hypertensive rats. Inflammation is largely controlled by pleiotropic cytokines. These cytokines can regulate positively or negatively the activation of lymphocytes and macrophages. Some of them are chemotactic and/or directly cytotoxic. We have analyzed the production of the cytokines TGFj3 1 (transforming growth factor beta 1) and PDGF-A (platelet-derived growth factor A), which can be released by inflammatory cells or by resident cells.
The emigration of leukocytes from the circulation into cardiac tissue is controlled by leukocyte surface molecules interacting with different sets of endothelial cell surface molecules. The expression of these adhesion molecules is regulated by cytokines [2] . We have therefore analyzed the distributions of the adhesion proteins ICAM-(intercellu-lar adhesion molecule-l, or CD1 8) and ELAM-1 (endotwo medial slices were frozen in liquid nitrogen. Immunothelial lymphocyte adhesion molecule-l) on endothelial histochemistry and mRNA assays were performed on all cells, and of LFA-1 (leukocyte function-associated antisamples. The animal care complied with the "principles of gen-1, or CD 11 a) on leukocyte cells in sections of the left laboratory animal care", formulated by the National Sociventricle (LV). The recognition system ICAM-l/LFA-1 is ety for Medical Research and the "guide for the care and known to be one of the most important systems used by use of laboratory animals" (NIH publication no. 86-23, leukocytes to infiltrate into target tissues [3] .
revised 1989, authorization no. 00577, Paris, France). The complement system is an important mediator of inflammation. Whereas the classical pathway is initiated only by antigen-antibody complexes, the alternative pathway can be directly activated by several types of molecules. Some components of the complement system are known to be leukocyte-mobilizing factors [4] , or to have chemotactic activity [5] . We therefore determined the distributions of C3, C5b-9, IgG and IgM deposits within the left ventricles.
Polymerase chain reaction
Lastly, peptidergic and peptidasic components, such as angiotensins, kinins, and angiotensin converting enzyme (ACE), may play a direct role in the fibrotic and inflammatory processes. ACE activity is said to be increased within the fibrous tissue that appears in the myocardium in experimental models of hypertension [6-81 and there is evidence that ACE is co-localized with bradykinin receptors [6] . The tissue distribution of the bradykinin catalytic precursors, the kininogens, was therefore determined by immunohistochemistry of sections of LVs.
Materials and methods

Animals
Wistar rats (n = 20) were anesthetized with ether and the left renal artery was clipped (0.2 mm diameter; 2K-1C Goldblatt model [9] ). The right renal artery was left intact. A second group of 20 rats was sham-operated. All rats were returned to their cages and fed a standard diet. Water was provided ad libitum. Systolic blood pressure (tail cuff method) and body weight were measured once a week at the same time of day. One month after surgery, ten sham-operated rats (sham-lm) and ten clipped rats (cliplm) were sacrificed by decapitation. The remaining rats were sacrificed 4 months after clipping (sham4m and clip-4m). The hearts were rapidly removed, only the LVs were analyzed in this study. The LVs were weighed and Total RNA was isolated from 100 mg frozen LV by acid guanidinium thiocyanate/phenol/chloroform extraction [lo] . Briefly, 1 pg RNA was reverse transcribed into cDNA using oligo-dT and MMLV reverse transcriptase (BRL, Bethesda, MD) in a 20 ~1 final volume. The RT products (2 ~1) were amplified using the primers described in Table 1 . All PCRs were done in a 25 ~1 volume. The mixture contained 10 mM dNTP, 1 X PCR buffer (10 mM Tris-HCl pH 8.3, 50 mM KCl, 40% DMSO, 0.001% gelatine, MgCl, at the concentration shown in Table 1 ) and 2.5 U amplitaq polymerase (Perkin Elmer-Cetus, Emeryville, CA). Each sample was incubated in a DNA thermal cycler (Perkin Elmer-Cetus) for a total of 25 cycles, each cycle consisting of 1 min at 94"C, 2 min at the temperature given in Table 1 , and 3 min at 72°C. The PCR fragments were analyzed by electrophoresis on 3% agarose gels and visualized by ethidium bromide staining. Digestions with restriction enzymes were used to confirm the nature of the amplified fragments. Polaroid photographs of ethidium bromide-stained gels were digitized into 5 12 X 512 pixels gray scale images. The amount of nucleic acid was determined by densitometric analysis of the dots. Amounts were normalized to the amounts of GAPDH.
Immunohistochemistry
Cryostat sections (5 pm) of LVs were cut and immunoreacted with the antibodies listed in Table 2 . IgG and C3 were detected directly, with the anti-IgG and anti-C3 antibodies coupled to fluorescein isothiocyanate (FITC). All the other antibodies were used in indirect immunodetection methods. The anti-C5b-9, IgM, kininogens T and H, antibodies were revealed with FITC-goat anti-mouse or rabbit antibodies (Institut Pasteur, Lyon, France). The second antibody for PDGF-A was a goat anti-rabbit immunoglobulin antibody coupled to peroxidase. The peroxidase was revealed by incubating the sections in 7 mM sodium acetate, 3 mM acetic acid, 1.2% NN dimethylformamide (Merck, Darmstadt, Germany), and 0.2% 3'-amino-9'-ethylcarbazol (Sigma Chemical Co., St Louis, MO, USA) pH 5. For ICAM-1, ELAM-1, LFA-1, W3/25 (T helper lymphocytes), OX8 (T cytotoxic lymphocytes), ED1 (macrophages) and TGFP 1, sections were incubated with the first antibodies, then with the second antibodies (a rabbit antimouse immunoglobulin antibody for ICAM-1, LFA-1, EDl, W3/25, and OX8 and a mouse anti-rabbit for ELAM-1 and TGF/3 1) and APAAP complexes (alkaline phosphatase-anti-alkaline phosphatase) (Dakopatts, Copenhagen, Denmark). The enzyme activity was revealed with 0.2 mg/ml naphthol AS.MX (Sigma), 0.002 mg/ml dimethyl formamide (Merck) in 0.1 M Tris pH 8.2, 1 mg/ml fast red TR salt (Sigma), and 0.33 mg/ml levamisole (Sigma). For the immunofluorescent techniques, slides were examined with an epifluorescent Leitz microscope. The other slides were counterstained with hematoxylin and evaluated under an Olympus light microscope.
In all of the indirect studies, parallel frozen sections, stained with the second antisera alone, were always included as controls. The efficiency of the anti-PDGF-A and TGF/31 antibodies was checked by reacting them with sections of tissue from carotids that had been inflated with balloon for 14 days. Positive labeling was observed, as expected (not shown). . 'The red component of the image, corresponding to the overall APAAP labeling, was extracted and transformed into binary images to which the morphometrical techniques (erosion, dilation, etc.> could be applied. The computer software ensured that the same analysis sequence was used in each field and the investigator was unware of the nature of the experimental groups. The total ICAM- labeling and the corresponding cardiac area were measured by this method. The labeling density was obtained from the ratio between ICAM-labeling and cardiac areas.
Labeled arteries
An independent investigator who was unaware of the nature of the experimental groups enumerated the total number of intramyocardial coronary arteries under a microscope at a final magnification X 100. The vessels for which a media was distinguishable were enumerated as arteries. For each artery, ICAM-labeling was graded from 0 to 4 for all arterial hmicae (intima, media, adventitia) and a mean labeling index per tunica was determined for all rats.
Statistical analysis
Results are expressed as means f s.e.m. Data were analyzed by one-and two-factor ANOVA and using Statview 4.0 software (Abaccus Concept Inc., Berkeley, USA). Differences between groups were considered significant if P < 0.05.
Results
Blood pressure and hypertrophy
Systolic blood pressure was significantly higher in the clipped rats than in the sham-operated controls 1 month after clipping (Table 3 ). This increase persisted for 4 months after clipping. The body weight of clipped rats was significantly lower than that of controls, but the LV weight and the LV weight/body weight ratio in the clipped rats were greater than in the control rats (Table 3) .
Phenotype of injlammatoly cells
Inflammatory cells were detected in the left ventricle of all rats. These cells were mainly T helper lymphocytes (CD4+) and macrophages (ED 1'). Some T cytotoxic lymphocytes (CD8+) were observed. There was a regular network of inflammatory cells in sham-operated rats. But in l-month clipped rats, there was a dramatic increase of inflammatory cells around coronary arteries (Fig. 1 ). There were less inflammatory cells in 4-month hypertensive rats. Numerous inflammatory cells were also observed in microscars in l-month and Cmonth clipped rats.
3.3. Analysis of adhesion proteins 3.3.1. ICAM-ICAM-was found on the endothelium of large veins in sham-operated rats 1 month after initiation ( Fig. 2A) , but the arterial (Fig. 3A) and capillary endothelium were rarely labeled. In contrast, the arterial endothelium and the capil- lary endothelium were labeled in the sham-operated rats at 4 months (Fig. 2C, Fig. 3Al . The arterial adventia was occasionally labeled in sham-operated rats (Fig. 30 The morphometric analyses of the ICAM-labeling showed that there was significantly more ICAM-in clipped rats at 1 month (Fig. 4) . The labeling of arteries accounted for much of the increase in overall labeling computed by morphometry (Fig. 2B, D) . There was more ICAM-I in sham-operated rats at 4 months than in l-month sham-operated rats, and there was no difference between the sham-operated and clipped rats 4 months after the clipping. All venous endothelium of clipped rats was labeled with the antibody against ICAM-regardless of time after clipping (Fig. 2B, D) . The endothelium of part of the capillary system was also labeled. The endothelium of both fibrotic arteries and normal arteries expressed ICAM- (Fig. 2B, D) . Th e advential area of fibrotic arteries was also labeled, especially in l-month clipped rats (Fig. 3C) . Only some arteries of clipped rats showed a labeling on the media (Fig. 3B ).
LFA-1
There were few LFA-l-expressing cells on the entire left ventricular interstitium at 1 and 4 months in sham-operated rats (Fig. 2E, G) . In contrast, there were many LFA-1 + cells in the clipped rats from 1 month (Fig. 2F ) to 4 months after the application of the clip (Fig. 2H) . These cells surrounded pathological areas, like microscars, or were around coronary arteries. The mesh of the interstitial network of LFA-l+ cells was also tighter in the clipped rats than in sham-operated controls.
ELAM-1
Immunolabeling for ELAM-1 showed no difference between sham-operated and clipped rats (not shown). The endothelium of veins and arteries was faintly labeled. There was no significant immunolabeling of TGF/3 1 in tissue sections from sham-operated or clipped rats. Some arterial medial walls in LVs from sham-operated and clipped rats were faintly labeled (not shown). Inflammatory cells were not labeled. However, the amount of TFGp 1 mRNAs in 4-month clipped rats was higher than in age-matched control rats and higher than in l-month clipped rats (Fig. 5) . clipped rats (not shown). The steady-state level of PDGF-A mRNA was higher in both clipped and sham-operated rats at 4 months than at 1 month after clipping but this increase was more pronounced in clipped rats (Fig. 5) .
Fig. 2. Micrographs of left ventricular tissue sections of l-month rats showing the labeling of ICAM-I (A-D) and of LFA-I (E-H) in sham-operated rats (A, C, E, G) and in clipped rats (B, D, F, H) (APAAP technique; magnification x 200).
ICAM-density ($6)
Analysis of the complement system
There was no complement deposit in any sham-operated rat (Fig. 6A, C, E, G ). There were no significant deposits of C3 fragment and IgG in any of the clipped rats (Fig. 6B,  D) , except in two l-month clipped rats. In these, there were massive deposits of C3 and of IgG in numerous coronary arterial walls and in microscars (not shown). There were also C5b-9 and IgM deposits in a number of coronary arterial walls in these two rats, as well as in the other l-month (Fig. 6F, H ) and in Cmonth clipped rats. These deposits were scattered throughout the walls of fibrotic arteries.
Kallikrein-kinin system
The HMW-Kg antibody labeled the arterial and venous endothelium of both sham-operated and clipped rats (Fig.  7A) . The pathological coronary arteries in clipped rats were not more heavily labeled. The endothelium of arteries, veins and capillaries was slightly labeled with the antibody against T-Kg in both sham-operated and clipped rats (Fig. 7B) . 
Discussion
The present study was designed to describe the production and distribution of several proteins involved in inflammation, using the experimental model of renovascular hypertension. We have previously shown that the myocardial fibrosis that accompanies arterial hypertension in spontaneously hypertensive rats is associated with infiltration of inflammatory cells, mainly macrophages and T helper lymphocytes [l] . Presently, we have found that inflammatory cells also infiltrated cardiac tissue of renovascular hypertensive rats as in the cases of spontaneously hypertensive rats. These cells were macrophages and T helper lymphocytes and were localized mainly around coronary arteries, where fibrogenesis is very active [ 1 l] .
The emigration of inflammatory cells from the circulation into the cardiac tissue is regulated by adhesion proteins interacting with endothelial cell surface molecules. The regulation of the infiltration thus depends on the regulation of the expression of these molecules. The ICAM-/LFA-1 recognition system is one of the most important used by leukocytes to adhere to the vascular lining and migrate into the target tissue [3] . The initial stage of leukocyte adhesion is mediated by selectins. Eselectin is expressed, probably exclusively, by cytokineactivated endothelial cells and supports the adhesion of granulocytes, some memory T lymphocytes and natural killer cells [ 12, 131 . Glycoproteins and glycolipids are ligands for E-selectin, and are also found on the surface of leukocytes [12, 13] . ICAM-expression is constitutive, whereas the production of ELAM-1 is inducible (see [ 141 for review). The present study shows that little ELAM-1 is present on the arterial and venous endothelial cells in the [17], we found no ICAM-on cardiac myocytes. The labeling was confined to the arterial and venous endothelium and to the arterial adventitial layer. The arterial medial layer was rarely labeled. Morphometric quantification of the ICAMlabeling showed that there is significantly more ICAM-in l-month clipped rats than in 1 -month control rats. This may be due to labeling of arteries (Fig. 3B) . But the labeling of arteries at 4 months no longer contributes to overall ICAM-labeling. The ICAM-labeling increased in both clipped and sham-operated rats. The increased production of ICAM-in l-month clipped rats indicates that leukocytes may follow this route to infiltrate the cardiac tissue, and the finding that infiltrated leukocytes expressed LFA-1, the ICAM-1 ligand, supports this notion. As extravasation of leukocytes is known to occur in postcapillary veins, the function of ICAM-on arteries across which migration was not observed must be further clarified. The strong labeling of the vein endothelium in 4-month sham-operated rats must also be examined.
Inflammatory cells are known to release several pleiotropic cytokines. TGFj31 is fibrotrophic, causing fibroblasts to synthesize collagen [l&19], while PDGF-A causes fibroblasts to proliferate 1201. TGFP may play a role in regulating collagen synthesis during the myocardial hypertrophy caused by left ventricular pressure overload 1211. However, this growth factor was not detected by immunohistochemistry in the present study, except as faint labeling of the medial wall of some coronary arteries as previously described [22] . This labeling was similar in hypertensive and control rats. The PDGF-A labeling was totally negative. On the contrary, the PDGF-A and TGFp 1 mRNAs were detected in the same amounts in both sharnoperated and clipped rats at 1 month, and at a higher concentration in clipped than in sham-operated rats at 4 months. This suggests that either the immunohistochemistry technique was not sensitive enough or that the mRNAs are under post-transcriptional control that prevents their translation into proteins. The antibody used to detect TGFpl has been found to label the cytoplasm of the fasciculata cells of the bovine adrenal gland [23] . We have tested this antibody and the anti-PDGF-A antibody in several rat tissues, and particularly in the carotid after balloon inflation. The neointimal proliferation was intensely labeled by these antibodies (not shown) and extracellular spaces were never labeled as previously described [24, 25] . However, despite these positive controls, it is possible that the negative results obtained on cardiac tissue sections could be due to a lack of specificity of the antibodies against PDGF-A and TGFP 1. In fact, these antibodies were directed against the human molecules and could thus be less specific for the rat molecules. It is also possible that the TGFP 1 and PDGF-A mRNAs are under post-transcriptional control, preventing their translation into proteins. A similar control has been described for the TGFP [26] . Nevertheless, the absence of both the TGFP 1 and PDGF-A proteins, even from the inflammatory cells in the hypertrophied ventricle, indicates that these cytokines have probably no effective fibrogenic role in our experimental model.
We have also investigated the complement system because it is another important mediator of inflammation. The classical pathway is initiated only by antigen-antibody complexes. The two classes of antibodies capable of triggering the interaction with Cl, the first component of the complement cascade, are IgG and IgM. While IgM and C5b-9 deposits were seen within the walls of pathological arteries in almost all clipped rats, there were IgG and C3 deposits only in two l-month clipped rats. Hyaline arteriolosclerosis is one of the most common degenerative changes that occurs in the human body, and it has been known for a long time that its development is markedly accelerated by hypertension [27] . Gamble et al. [28] showed that the pathogenesis of arteriolosclerosis is linked to IgM deposits, C3 and "late-reacting" components of the classical pathway. They postulated that the binding of the complement components to hyaluronic acid accounted for much of the arteriolar hyaline, and that IgM antibodies were probably directed against neoantigens on complement components fixed to hyaluronic acid. The increase in permeability to macromolecules that occurs in essential hypertension [29, 30] in association with these complement deposits could lead to decreased blood flow and ischemic atrophy of discrete functional parenchyme units, and thus to microscopic scars. Some complement components are known to function as leukocyte-mobilizing factors (reviewed in [31] ). Thus, components known to be leukocyte-mobilizing factors could be present in the coronary arterial wall in hypertensive rats, and this could explain in part the early pericoronary infiltration of inflammatory cells reported previously [ll and in the present study.
ACE is increased [6-81 and co-localized with bradykinin receptors [6] within the fibrous tissue that appears in the myocardium in experimental models of hypertension. ACE may be involved in the fibrotic and inflammatory processes by forming angiotensin II from angiotensin I or by inactivating bradykinin. The local increase in the angiotensin II concentration could lead fibroblasts to synthesize collagen and to proliferate [32-371. Otherwise, bradykinins originate from kininogens, and the rat has a high molecular weight kininogen (HMW-Kg) and two low molecular weight kininogens, LMW-Kg and T-kininogen (T-Kg). The T-Kg is specific to rats, and seems to be an inhibitor of cysteine proteases [38] . It could thus promote the accumulation of extracellular matrix. Its synthesis is also stimulated by inflammation whereas the syntheses of HMW-Kg and LMW-Kg are not. Kallikrein also mediates the formation of bradykinins from kininogens but it is capable of cleaving the C3 component to release C3a, a chemoattractive anaphylatoxine, and C3b, and subsequently C5a, another anaphylatoxine [4] . Once again, these chemoattractive molecules could contribute to the infiltration of inflammatory cells. We therefore analyzed the distribution of HMW-Kg and T-Kg in order to assess the possible role of the kininogen system in the establishment of periarterial fibrosis. There were no differences in the expression of these kininogens between hypertensive and control rats, suggesting that the local kininogen system is not implicated in myocardial fibrogenesis and/or inflammation.
In the present study, we have analyzed the expression of several molecules to determine their role in the inflammatory process that occurs in hypertensive rats. We showed that inflammatory cells infiltrate the cardiac tissue of renovascular hypertensive rats as was reported in spontaneously hypertensive rats [ll. These cells may use the ICAM-1 /LFA-1 system of adhesion proteins to adhere to and migrate into the cardiac tissue, and neither TGFP 1 and PDGF-A nor a putative local kininogen system are implicated in the signaling of fibrogenesis. On the contrary, there are significant amounts of IgM and C5b-9 deposited in arterial wall and in microscars only of hypertensive rats. Some of these complement components could have arteriosclerotic effects, and some could be leukocyte-mobilizing factors. This would explain the preferential location of the inflammatory cells around coronary arteries. Nevertheless, further studies are required to identify the link between hypertension and the concomitant inflammatory process. Experiments allowing the prevention of inflammation would be useful to evaluate the effective role of inflammation in fibrogenesis.
